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ABSTRACT

We have carried out ~ he first high resolution cw CARS measure-

n~nts of H~ , D~ and CH~ I Gu~- preliminary experimental results

have verified the predicted CARS signal strengths and CARS line-

shapes . øt~~ measurements have shown that ultra-high resolution Raman

spectroscopy by the cw CARS method is a very useful spectroscop ic

tool..
1
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COHERENT ANTI - STOKE S RAM/U i SPECTROSCOPY

I. INTRODUCTION

With the publication of “Ccherent Anti-Stokes Roman Spectro scopy ” by

R.F. Begley, A.B. Harvey and R.L. Byer in 197i~,
1 CAR spectro~cc;-y emerged

as a tool of real interest to chemists and Roman spectrorcopists. Subsequent

publication s2 )3I~~)5~
6 served to more fully describe the potent ial  of tunable

lasers applied to this coherent form of Roman spectroscopy . Thus, CAR spect-

roscopy, which had been discovered over a decade ago by Maker and Terhune
7

and recently investigated by Levenson8 and DiMartini9 is being actively

pursued by a number of spectroscopists. The impact of this method of Roman

Spectroscopy has now penet rated t he commerc ial suppliers of tunable laser

sources who have responded ~y assisting whenever possible in making equipe~ent

available for preliminary investigations.
10
’
11

The advantages and disadvantages of CAR spectroscopy ha ve been discussed

in the literature.’ Briefly, CAR spectroscopy offers higher conversion

efficiency, greater resolution and significantly better fluorescence suppression

than incoherent Raman spectroscopy . These advantages have been de:~onstratcd in

recent experiments.
6 

However, to date CAR spectrosco~y theory :tnd exper~ment

have not bee-n ~uantiLrtively compared in detail. The thrust of this program is

to carry out dctailed theoretical analysis and careful single mode quant itative

experlincats to verify the CAR spectroscopy method .

— 1 —  
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I I .  BRIEF REVIEW OF CARS THEORY

A .  Introduct ion

For reference, the theory of CAR scattering is briefl y summarized here .

The driving polarization is

P(~n )  = c X (3) (w , u , w , _~~~) E E E *
S 0 ‘ S p S p p s p

For Raman scattering the input fields are the pump electric field squared ,
*

(E E ) and quantum noise at the Stokes field E . Thus the above polari-
p p  S

zation describes Raman scat ter ing when used in Maxwell ’ s E qua t ions  dr iven

by the polarization P . For CAR spectroscopy

X~~~(Raman ) = [X~~~(CAR)I

and the quantum noise f ield S is rep laced by a cohe ren t f ie ld  f r om a

tunable laser. CAR spectroscopy is thus a mixing process that proceeds

with a conversion efficiency proportional to X3(CAR)12 . Since all fields

are coherent phase is important and the process obeys the energy and momentum

conservation rules previously given in CAR spectroscopy work .

The above susceptibiliLy is related to the Raman cross-section on

resona nce by

c / d a
I,xCAR 

~ ~~ ~~~ dc~p s  r

where t~i~ is the Raman linewidth ([what) and (do/d ) is the measured Raman

cross-section for a single polarization input aid single polarization output .

We have investigated the linewidth of CAR spectroscopy in gases in

deta i l .  Since the scattering efficiency varies as

(Y ( t ~ NX’ h 2
as CAR p

____ - - ~~~~~~.
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where N is the density and h is a focusing overl ap integral we find that

• 1

L~Lfl r

in the limit where the natural Raman linewidth or pressure broadened line-

width is greater than the Doppler width .

B. Linewidth

To account for Dopp ler broadening in the theory some c5rc must be taken

in the analysis. We proceeded by integrating the coup led equations and

solving for the generated anti-Stokes power per molecule. This expression

is similar to that given above but includes a sinc2(.k;/ ) phase synchronism

factor . We then integrated over each set of molecules belong ing to a given

2velocity group . The X. CAR dependence means that the normal Maxwell-

Boltzmann velocity distribution must be squared and re-normalized . The result

is a CAR linewidth due to Doppler broadening that varies as

1
2

where = and

J ? kT
= 2u~ ~~ ~n 2

Mc ’

Thus the Doppler width is determined by the  R aman fregueq~~ and therefore

is comparable to infrared Doppler widths. Furthermore , because of the

ii 2 . .
~ ~~~ 

dependence the Doppler width is reduced b y l /\~

- 3 -
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C. cw CARS

In order to accurately compare theory and experiment a single mode

experiment must be performed. We therefore calculated the expected cw

conversi on eff iciency for CARS assum thg a 1 watt  pump source mix ing

with a cw dye laser beam (single axial mode) at 1 attn pressure. Table I

lists the molecules and spectroscopic factors of interest.

TABLE I

RA MAN SPECTRO~ COPIC CCNS Ti~:;~’3 FOR ~~ and 02

Raman CD B
e 

d~/d
’
~ (~8~o)

Molecule Vib 1 State 
(crn~~) (cm~~) cm

2
/sr

112 
1
~l55.O Q,1(l) 1i395.2 60.8 7.9 x io 3l

N2 2330.0 Q
1(6) 

2359.61 2.010 3.3 x io 31 ‘1
02 1555.0 

~i
(
~
) 1580.36 l.!~~6 

1~.3 X 10

The populat ion factors for the st ates listed in Table I are H
2 

.‘~833

N2 
.0336 ; 02 : 0706 which gives a resultant population density of

112 1. 191t x io19 ; N~ 2. O1~5 X 1018 ; 0
2 1.727 l0~~ at STP.

For the cw dye experiment Table II lists the f requencies  i nvolved in

the CAR spectroscopy experiment.

— — 
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TABLE II

CARS cw DYE LASER EXPERI!’~ IiT

~.1olccule x (~
) v (cm~~~) v (cm~~~) v (cm~~~) x 5 (~) XAS(A)

112 
l~88o 2o~9l.8 16336.8 2l;6l~6.8 6121.2 p4057.3

N2 ~~~~ 191~36. l~ 17106 . 14 2176Gi~ 58145.8 ~59lt . 2

02 511i5 191436.~ l788l.~ 2099l. i# 3592. 1~ 11 763.8

The corrected cross-sections and linewidth s are shown in Table III

TABLE III

CROSS- SECTIONS AflD LflETi.’IDTHS

--~-M~lecule dcc/c~ ~~(crn
1
)

11
2 7 .9 x  10 31 

~ ‘d~~ 
.015

N2 
2.67 X 10~~~ Av ..

~ .165

02 3. 1L8 x io 31 Av~ .114 14

Assuming a single axial mode dye laser and argon pum p laser at

1 watt power level, the conversion efficiency at photon count rate are

shown in Table IV.

L - — - —~~~-



TABLE IV

C!.RS SIGNAL LEVELS

Molecule Conve r sion P~ioLo n Count
Eff i ciency Rate

112 2.2 x lo~~~ ~~• 14 108

N2 8.3 x ~~-i6 1.14 x lO~ 
-

02 1.3 x io~~
5 3.0 x l0~

Therefore, the cv experiment i.s easy to perform in and somewhat more

difficult to do in N
2 

and 0
2 

. However , the sig nal to noise ratio should

be good under the a.~r-’ • -
~~ con d i t ions .  The experinental mc~ surement s are

described in th- ‘~t ion.

CAR spec t ,., ~ iike incoherent Raman spectroscopy, carries with

the scatter ing jrocecs the phase of the fields involved. The CAR spectro-

scopy signal involv3s a sum over all pertinant intermediate levels or

* 
1A N ~~~ 1 2

) ~~~~(cARs )
\14cj-13 [ (W fj  - - a)

1) 
- ir/2 ]

where the last term in y~ is the sum over all intermed~ote states connecting

the initial and final levels. That sum can be explicitly written in the form

+ • 
-4 2

2 <fj~~Jk > ~~~~~ I <f lit I1~> <kIi~~!i>J
E(cAR s)  - 

~~~~~
— + 

1
Ic Ic (u~~. - w~) ~°ici 

+

where ~~ = . c is the dipole operator. If , in carrying out the CARS

scattering experiment , t h e  incident  fre qu ~mcy 0) is tuned near a resonance

(L~Jçj 
then that  reoonnnce becomes the dominant  term in the sum over i n t e r me d i at e

- 6 -
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states. The expression for the sum can then be written in two parts

one due to the resonance term and the other to the non-resonance terms.

Thus,
2 <fI i1~l~ > <.k~~i ~~~~

~~ (cAR s) = 
2 - 1

Ic ((n
~i 

- - ir k ./2 )

<fI~~lk > < k~~t
- 2 1

Ic

+ 
<fl i~1lk > 

~ ~l~4l~ >~
0
~ci +

2
= NR -4 

~E 1

In the scattering process, the magnitude of the CARS signal depends on the

relative sign of V5 
~E • B~’ tuning successively closer to the ~~sonance ,

the phase of can be compared to that of and from the deduced phase the

relative sign of the matrix element derived. Experiments along this line have

been performed by Vriens
12’13 in atomic vapors by spontaneous Raman scattering

using an argon ion laser source .

III. SUMMARY OF EXPERIMENTAL RESULTS

Using borrowed lasers and detection equipment we have carried out the f i r s t  - -

high resolution cv CARS spectroscopic measurements. The work was p~rform~ r1

during a three month period with most of the resiñts generated during the final

week.

— 7  —
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Since these preliminary experiw nts , we have be’ti designing and

completing a more sophisticated experimental arrangement for hii~ resolution

cv CARS spectroscopy . The apparatus i~ now Leing  a l ign e ’J  and cc

should begin in a few weeks. A quick comparison of our previ’~ur temporary ew

CARS experiment w it h  the present set us is u:;c: f~ul .

In our earlIer ex~erirsent we had .6W of ~ rgc n ion lacer sower asd

20 mW of cv dye ~ase r sower . We generated a spr ox i s a t e ly  oho Lo~~s per

second at the exit of the H2 cell ~ ut only deter~ ed appr :ir ~~~-:y 1fl
4 

phot o~ r

per second after the filter and spectroc~ ter  sys ter~. The d e t e c t i o n  rt-t ~ od usei

direct  photon eountis~g w i th  a cooled t ho tomul t io l i er  tube .  In our perr~anent

set up we have up to 14 Watts of argon ion laser power and 100 mW of dye power .

The spectrometer—filter sy stem is two orders of ~nagnitude more efficient and

the detection system is phase sensitive which allows signal—to—noise :mT roves~:::~

of approximately 100. The net result is an overall signal—to—noise improvemLnt

6of approximately 10 . Theref ore , as impressive as our early results were , we

expect to improve on them dramatically with the  presest sy stem .

In our first experiments we detected and s~casured CAR S si gnals in  H 2

D2 and CH14 . Our resolution was 30 Mi-is and signal- c- n o i se  ra t io  was near 50.

Linewidths and pressure broadened lineshapes were measured from the  Dopp ler

broadened low pressure through the Dicke narrowing ran~:e to the pressure broad ened

regime at up to 20 atm. The results  for IL, and D2 were r e r e nt e d  at 4
~he

Amsterdam Quantum Electronics Conference and published i n  a br~. ef note.
1

paper is presented as Appendix I of t h i s  report. . Our methane measurements w er’

discussed in more detail in a short paper15 and are presented :is Appc’ndi~ I I .

Finally, collision narrowing results were discussed for 11
2 

and P
2 le a d i ng

to value s of diffu sion coe ff icien t l y  in a recent paper . 16 The ab~~t z n r t .  is g iv e n

in Appendix I I I .

— 8 -.
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IV .  CONCL USIONS

We crc nov eornpleti~~g our cv CABZ expe rimental set up. The sys .- m

will use a high power Kr ion laser source mixing with a cavity dus 1 -d

argon ion laser puape l cv dye laser. The Kr ion laser iS to o r e r a t - in

a single axial mo le with f e ed b a c k  cor .tr o l  fo r  r .aximsm s tab i i i  t y .  h e  bave

designed speciat trism filters to elini rote ar~ li ght at th- laser e~ tput

and to reduce a irs- li .-ht after the g-tr cell. Uhe s n t r 5~.~~~~r ~ tl  ur ’-  a low

scatter halo ras-hic g r i t  lag for opt cc~ ra1 f~lt~ r!r.r. The detection

system is a cooled p! otcrc i ~~~i i~ r ass a phase sen s it i v e  sd.ctcr. counter

with computer ~ r r:aat ai~~c- ou~ sot . U’- as to n~_erfa” - the data taking ar .d

reducing wIth c~ r PD?IIFU O siso::t~~t~~r .  F in a l ly ,  cavity d~ccpIag of

argon ion laser is being oi5ane~i in coder to increase the soak t ower t - 100 U .

This results in two orders of so sit-sd. Increased siasal T ower for  ap~o b a t  ion

to CARS spectra l  measurements  wher e t he  iinewidth  is broad en ed such as gases

at high pressure, in flames or liauids.

We plan i n v est i g a t i on s  of lb e w i dth  lineshape  and absolute Pas~an f r eauency

measurements of ‘
~2 

P2 and HP. Following these measurements we p lan  to

investigate methane in detail to receive hypcrfine structure . Using H
2 

we

also plan to make a detailed study of CARS for full quantitat ive verification

of  the theory .

There is no doubt , based on our previous measurcsents , t hat cw CAh2

will be an important hi gh reso l ut ~on tool in molecular  rj octroccory .

- 9 -
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CM HIGh! RESOLUTION CAR SPECTROSCOPY OF 
~2’ 

D2, AND CU 1 
-

by

M. A .  Henesian , L. Kulcvskii , R. L.  Byer , and R. L.  Herbst

We have fully resolved the Raman Q b ranch lines of H2 , D2 and CU 4

from 0.3 to 15 atm, using cw four-wave Rama n m ixing . Figure 1 shows the

linewidth vs pressure of the Q(l) 11155.21 cm line of 112 and the

Q(2) 2987 .18 cm 1 line of D2 
at room temperature from the pressure

broadened regime, through the collision narrowed minimum to the CARS

Doppler broadened iimit at low pressures. The resolution , limited by

the relative stability of the single ax ial mode dye lase r and argon-ion

laser was 30 MHz . The shape and minimum of the lincwidth vs pressure

curves agree with theoretical predictions by Galatry
1 and by Rautian and

Sobel’iaan2 and with earlier experimental results at high pressure taken by

Javan,3 using a stimulated Raman gain measurement technique and by

De Martini4 using pulsed Raman mixing .

The resolution of cw CAR spectroscopy at low pressures is limited

by the CARS Doppler linewidth , which is i/.J~ of the usual Raman Doppler

linewidth . For 11
2 

and D
2 

we calculate a full width at half maximum of

770 MHz and 391 MHz, respectively, and for pure rotationa l Raman, the line-

width reduces to tens of megahertz.

In our experiment we mixed a single axial mode Spectra Physics cw dye

laser against a single axial m ode argon-ion laser, operating at either

0.4880 lim or 0.51145 its . For 10 uM of Input dye laser power and el f mW of

4 argon-ion laser power focussed into the gas sample , wi th an optical system

collection efficiency at the anti-Stokes wavelength of approximat el y l.U

- 13 -
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for 11
2 

and 0.53~ for D
2 

and CH
4 , 

the estimated photon count rates arc

2 x 1o6 liz for 112 at 5 atm , 8.5 X 10~ Hz for  D2 
at 3 atm, and 1.14 X lO~ Hz

for CU 4 at 6 atm. Our observed count rates were within two orders of mnagni-

tude of the above estimates . Although cw CARS mixing has been observed

previously,5 this is the first experiment that demonstrates its potential

for ultra-high resolution gas phase Rama n spectroscopy .
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APPE ND IX ri

cw high resolution CAR spectrosc opy of the Q(
~

)
Raman line of methane

M. A. Henesian, L. KuIevski~ and R. L. Byer
Applied P hr at .  tX-pu rt,n,,It Sta nfor d I ni o ,-.i ty St un ford California ‘.‘430 5
(Receive d 4 August P176)

Coherent anti—Stokes Roman spcctro scopv offers  th t 0 , 5145 ~im . The dye laser was tuned to the  Stokcs Ire—
possibility of obtaining high resolution Il a liman 4 4 1 ) I c t 1 O  quency and col l inear ly  combined with  the argoit ion
of gases l in m i t e d  onl y by the resolution of laser sources , laser beani and focussed Ij i l o  the gas (-el i . We spent
Previously CAR spectroscopy has been carr ied out us— considerable ef fo r t  e l i n i i n ~ t ii m~ ti m e a Ie’4l3 ion laser i mlas —
ing high peak power laser sources to maintain high con— ma tube f luorescence pr ior  to the gas ccli atid l i i  t e r h m ~
version et f ic iency but at a loss in resolution ‘~~ For against the 0 . 5 145 lAm l ig ht a f t e r  ti m e ,as cc li Time
example , pulsed (lye laser sources offer  a resolution of generated coherent anti-Stokes rad i at ion  ii 0. 44 74 l , n m
0, 1 ctu~ (3000 M l iz )  co nmp are d to cw dye laser l i n e— was detected Wi lb a cooled photom UI t i p i j r  opt ’rat ing in
widths of less than 0, 001 cm~ (30 M H z ) .  Recent l y cw time photon count ing  mode and moni tored  II y  a sinip le
CARS has been used to de tec t  methane and nitrogen~’ ‘ rate meter .
and to measure collision narrowed l inewidth s  in 112 and - - -

1) The line center  power conversion efficiency for the
2’ paramet r ica l ly  generated ant  i—St ok es  (v ,, I f ie ld  in t i me
Figure 1 shows a schematic of the exper iment . We low conversion r egime for  c o l lmne ar lv  1d t i ’ ,~’ matched

used a sing le axial mode Spectra Ph ysics cw dye laser single axial  mode pump (v p ) .mcl Stokes ( m ’ ,) la ser  f ield s ,
operating at 0. 6054 gin mixed against a single axial interacting w it h  an isolated Ra n m m n i - i l na i i o n a l  t r a n s i—
mode Coherent Radiation argon ion lasem’ , operating at t ion (p~~ — v,) is given l~v

-I

1 1.0266 ’ ~~~~~~ “hi o imi ogeneous ”
~

- =—~j -~ ’ 2.4976 ” l0 46 (l ~~/ e~i) & V 2 ( I a / 1 ) 2 1 ’(e~) 2l~/, (,~3,  ,, r~)~ ‘~ -1 iL’3) 1. 1178 \ l0~~/(.~ m~, ‘- ) “inhumogeneous ”

where vs,,  i’s ,  ~~ are in vacuum wavenumbers (cnm~~), with the CAR S technique ,
the thermal equilibrium l)upul at iotl d i f fer ence  ~ .V - -The frequency of the Yb ’  ) i laman t r ans it i on  of met  Ii—
= . V(v ‘ J ‘) — •V(i’ .1’) (cnm ) -icr ‘‘/12 is the polarized , •  

-
‘ ‘ zinc is given as 24 ]u , 7 cm (vacuum wzmveriwii b ers  I ,component of time integrated spontaneous R ant an  scatter- 30

• - -, and we es t imate  ‘l cT/ ’ltl  — 1 5 ’ 10 Cm / s m , 3 1 1 ( 4 )  & ‘cult  .11ing cross section for forward sca t te r ing  (cm /sr’ mole-
cu le) , i’(i’~) is the incident  pitnop field power (\V ) , I~ is
an estinmated interaction length (cm) res t r ic ted  by the
tightness of Stokes and puioi~) field focus ing to a value SPECTRA—P H YS I CS

ARG ON-ION ‘ LASER DYE LASER Ine’ir field focusing hctom fot lowest oi dci G-iusst in
fields where also 1/y ~,= 2 / )-~~, 1/r ~ . AV L or ‘~~‘D 

are L I TT ROW

the Ranian ful l  width  at half i i lzLxi n lu m hincwidth s  ( l i z)  ( COHERENT RADIATION MODEL C R — 5  - --

for the homogeneousl y broadened Lorentz ian l imi t  at A RGON - ION LASER I
hi~~ pressures or the mnheniogencouslv broadened l)opp- ~~~~ 

a— Iler limit at very low pressures . When collisional ima r— \ 
~~~

— 
I Q

rowing effects  at low gas pi’essures can be neg lected , it p

can be shown that  t h e  ant i-Stokes spectral density l ine- CARL LEI SS ~~ 2w~ -
shape function corresponds to the spontaneous Roman PRISM 0
pressure broadened Lorent z ian  lineshape at high l) 1(’s [~P E CTR 0M E TER 

to.~ cm LENS
sures and smoothl y goes into a f)opp ler broadened SPIKE
Gaussian funct ion  at very  low pressures wi th  a CARS F ILTER S \ O ~ =O~ —— -

~~~~~ 
.~~~~~ 
/

i)opp ler width that  is (l/~2 ~~~~ where ~~i’~ is the / ~~ 
GAS SAMPLE CELL

spontaneous Ham an l)oppl er width for fo i-ward scat te r— = W I H F L AT
ing given by ~v1~ -- v,~[8/:( 1n2/,rJ”2,

8 Note that for broad- 
PA CHROMA TI X 

OPTICAL WI NDOWS
band laser sources the CAll S l incwi dth . .\~~‘ , or ~~~~~ ~

, GRATING DRY IC E COOLED
must be rep laced wit l .  In e f f ec t iv e  laser liiiew idth rt ’- SPECTROMETER PHOT O M U L T I P L I F R
suIt in g in reduced cony ersiot i  e f f ic ien cy ,omd r cso lut  t i t t i

cap ability. With pi — c ’ ; t ’u t t l y ava i tat de  ‘~u l t r , m  ln t h st . t I i i I i— F I t . I .  L s , ’i  I n t e l )  l~~~~~ i t l o t  i - l i t , -  it t h u  .u ,k ,- ~ g n u - i
ty ’’ narr ow I )n( ’W idIh c’v tivi’ laser sources , pill’, ’ t- u , Ia— 

~~ ~~~~~~~~~~ ~~.- . ~~, -1-17 . 1 ~ 0 l~%• ‘ I I  i i ’  i i  t u i I \ u h z ut
t i ot~~l fl.itita tt t t , i t i s i t j o u i s  W i t h  corr cs~snsling lS t I i l uI t r :i~ t ;iI i iu iuulu-  1:14 - I rs , t’t ~ ,hn l, -,,-t ii ii . ,ue .l 

~~,, 4~ . t u I s I  ~u I i

l inewidlh itt less than I M I i ,  al t ’ potent i i i  Iv  resol ~- aIu lc gu ’iu I t,, I ,  n-el  ut  it , i l - I  i ,ii -

- 15 —
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with a ~~~~~~ hig h resolution spectra taken by Cleni-
CH 4 6.8 aIm ents and Stoicheff using a Fabey— Perot spectrometer

with a 0.07 cm~ resolution .9

Considerable inmp rov en leuut  in the si gnal level con be
obtained by improved spectral  f i l t e r i n g  e f f i c i ency

400 MHz-’~~ - - - - , -(— 10 Y), phase sensitive detect ion in sychroin simm w i th  a
chopped dye lar ;er (— 10’) ~nd by i’esonating time sing le
mode PUffi l) loser field in an external  cavi ty  around I li e
gas cell (— 100 x ) ,  With these exp er inm enta l  improve-
ments the cw CARS signal level should increase by io’
to approximately iO~ ups . cw CAfl S is a speetroscopic

________ techni que that foi’ the f i r s t  t im e  of fers  the capabi l i ty  of
6 6HZ full y resolving the Han ian spectra of molecular

gases,
FIG. ~~. CAll s spt’C t E : i  ui h~ y l :  1 Il , iu : in l ine 1 u u u r - t l u a n c  at
6, 8 aim ot it h r e s o lu t i on  h , ’t t t ’u  I I : : , ,  1 , 4 1 4  ~i l I i z  t i i . ( 113 Crn t ), -

- ~ , - We want to acknowledge the assistatice of SpectraThe l tannmn f u u - ’1ii,- u:cv i t ,  its- I I ~- i1 , - , n ,  1 ,3011 us  I nc i C z L S —  - - -

ing from k-t i to ri~zht . Physics anti Co im em - ent f l ad mat  m ,rt i i u r  the  loan of equip—
nment and the Sloan Foundat ion (Il - I. f l y e r ) , for  their
support , We also appreciate hel pful  discussions wi th

• 0 . 5145 ~u m for the en t i r e  Q(i ’ i ) b r anc im . ~ Fo r  10 m W  of B. S. h udson an(i II. L. il~ rhst
cw dye lasei- h )~ ovel (6054 id A air , 16513 0 cnm ~ vacu-
u rn )  and 640 niW of •tm’gon ion l is t -i- pov, ci’ (5145 .23 A
air , 19420 . 7 cn m~ v a cuum)  incident  on time 6 . 8 atm
methane cell and focused wi th  a 10 . 5 cm lens to min i— LCI5~u k V  ins t i t u t e , Mo~~eoW , I z~~I l .

mum spot i’adii of 6 and 20 ~ tom , r Csp ( ’(t i ve l V,  we ca l— ~ H . It - gt au -i-  :uml 1 , P. 1 . I ai’ auu , Appi . PIn s, Lctt . 23.

culate a generated ant i—Stokes (4473 75 A or , 22346 .4 
~~~

.. S~~~. J , Du’uet , a n t I  J. I’ , E . l ar an , opt .
cnm vacuum )  power conversion 1 t f l ( i( Ii( V 1)1 9. 04 Couuo n ouri , 13, p. t 3) ) i97 ~ l.
x 10.10 which corresponds to a pc-ok count rate of 2 .03 3 For a review sue  \V , :0) , r o lh -5 , J. W , N ihIe r , J. Ii.
x iO’ at the exit win d ow of the cell This is based on an Mei )onald , zuncI -\, 13. l I z i rve r  ,-) ! l i , i e n -  ,If 1/i t ’ T) : , n t-v  a,, !
estimated ti ght focusing intel-action length of 1. 5 cm in Applicat ion of  ~~o1o’;’ ca/ ,- inE/ — Vn A~~~ Raman Spi el t o ~~ -u/n
the methane gas . (CARS) , to be pu b lished in App l , ~1,c ct105c.

4 J. J. Barrett and it .  1”. itc I zie , App i . Phys . Lett . 27 . p.
The measured t ransmit tance  at the anti-Stokes wave- 129 (1975) .

length throug h the re c o l l i mz mtin g  optics , prism pr ef i l ter , ~s . A, Ak lumanov , (Orivat e c On tumnuui i ca t i o f l ) .
spike f i l te rs , •tnd 1 no grat ing spectrometer  was 2 94 A , i l i r t h  and N , V ol l r a th , civ C / n  t , , , / .- In t i—Sto i ’ C .c i /anion Scat—

x 10.2 With a photocathode quantuno eff ic ienc y of 18’~ ~~~~~~ 
(r ain Cas t - u- , pre sc-nicd at th y LX Jnt em’na ( m o nzul  i/ w i n —

at 0.4474 p1mm we expected a count rate of I - 076 \ 1O~ 
t urn Elect ronic s  C o i u f e u u ’uuce in  Amst erdam , Juuue 19 76 .

- . 
- 
~ii . A, ile n es i a t i , 1., Kulc vs kj i , H , L . liver , am ,  H . L,cps at the p hotomol t ip lier. Our measured peak cou’ot I te i bs t , ew l!i ~ lu I leso lu l io tu  CA!) c !,iIrnscuup~ 1 ii~, I)

rate was 1000 eps with a 50 cps back ground level . For and Cii,, I l i u s t - n t u ’ C I  at the l~ in i e m n a t i o n a l  Q u a n t u m i t  l i eu —
this experiment our ul t i m ate laser l imi t e d  t -esolution Ironies Conference i n A u n s i e i - d z u u n , .June 1976 .
of 30—50 MHz was not re a lized l,ecause of dye laser ‘A. Wt’bu-r, TAt ’ 1/oman F i ’ i f , edit , -, ) by A, And ,’rs ) n ( 01:tr.
axial mode “hopping” ins tab i l i t i es  common for wide ccl Dekker , New york , 1973) , \ o l . ~~, Chap, ii , p. 711_ 7 ( 3 ,

range scans of over 3 0Hz, ~~ II. L. C ie i iu ~~ui t s and 11. I’ , Smoic he f f , J. oio l .~~~I” - ch ose .
33 , p. 153 (t 9TPl ,

Figure 2 shows the Cli ~( i i~ 
spect rzi wh ich  has a mea— ~~~ H. t’~~~ •~- , ~i. A H y a t t , J . M . Ki ’lIam , 5 I’. S. P o l i o ,

sured 6 GlIz  l inew i d th  ‘n ti s l i tww idth  ict ’ees i-cry ‘,icl l J .  Opt . Soc Am . (33, p. 3 ) ) t ) 73) .

— I t -  —

J (:1 ,- ‘i -~~ ‘, - Vul (15, Ni ,  I ?  It ,  l ) u ’ue , i ,I , ’ - ,  1976 
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• flat/ian Spec troscopy

B.C. 1. Co] ] ~ si na: ! 1 v -~ i -ro ’~i- I i  i j ’~~l ; . - : ~~~ f~~i i~~u ’ 0 Bran ch
Lint  ‘, of II ,. L~5l 4 H L r rio , ~~ u- i l l S I
Unive1’s~ );o’ ar ,d  I , .  ~r t l i , ~-~;’, . I , H Lu ~~ - - ,r l”t • • i c ’ : l l 1rr~ti t u t c — -—
The coil i si orkdly n i- r ’c~~~ cl lin ’ ~z;T : zr :i of Lh e  }~zlncin Q( I ) 

-

14155.2 cm~~- l i ne  of i~ , ~ iid the Q(2) 29~’f .18 cia—’ line of
D2 has been investigaLcd at ro~r; temperature f r om the pr essur e
broadened r eg ime , thi’ou h the  rol Lision narrowed min imum , to
the 1)opplcr broadened il l r a i i . :tL io~; pressure u t i l i z ing  the
coherent anti—Stokes Razi’a.n ( ci-~s)  four wave m i x i n g  techni que .
The resolution , limi t ed by the relative stability of the
single axial mode dye laser and argon—ion laser , was better
than 1t0 i-i}[z . For ~~ we meas u red a n in i~zum collision narrowed
linewidth ( FW }IM) of 290 i-~iiz at 3.0 atm arid for 1)2 a minimum
linewidth of 260 MHz occuring at 1.3 atm. Below 30 atm ‘.rc
estimate presstore broaden i ng coefficients of 1.26 x i~~ 3 cnr 1/atrn
and 3.50 x ~o”3 cra 1- atm and se l f—dif fusion  coe f fic i en t s  of

*,~_Js’~~ cm2/S and ~~~ Jçf cm 2/5 for H2 and D2 respectively. This is
the first experirtent performed that demonstrates the ultra—high
resolution potential  for ew CAR S in the field of gas phase
flama n r~~ectroscopy .
*Work su~iported by Sloan Fellowship 197~/--l976. 4
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